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CrossMark
Abstract

The paper is concerned with the motion of a point electric charge in de Sitter
spacetime. A point particle of mass m and charge ¢ moving on a geodesic
curve produces electromagnetic field that diverges at a particle’s position. The
field is determined by the electromagnetic Green’s function by Higuchi and
Lee (2008 Phys. Rev. D 78 084031). The self-force contains both divergent
and finite terms, and the latter are responsible for the radiation reaction. Our
derivation of an effective equations of motion is based on conservation laws
corresponding to the group of isometry of de Sitter space. The Nother quantit-
ies consist of particle’s individual characteristics and energy, momentum, and
angular momentum carried by particle’s electromagnetic field. Following the
Detweiler—Whiting concept that a charge’s motion should only be enforced
by the regular component of its own field, we ignore the divergent terms in
conservation laws. We assume that the divergencies are absorbed by particle’s
individual characteristics within the renormalization procedure. Finite radi-
ative terms together with kinematic particle’s characteristics constitute ten
conserved quantities of closed particle plus field system. Their differential
consequences yield the effective equations of motion of radiating charge in
an external electromagnetic field and gravitation. Contributions to already
renormalized particle’s four-momentum and its inertial mass originated from
electromagnetic field and background gravity are also derived from ten balance
equations.
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1. Introduction

Recent years have been rapidly growing interest in the problems of electromagnetic and gravit-
ational self-force on a point-like particle moving in curved spacetime. It was due to the devel-
opment of gravitational wave astronomy [1] and the need to produce accurate gravitational
waveforms [2] for future space-based gravitational interferometer LISA; rapid advances in
laser technology which produces necessity of correct description of motion of ultrarelativivstic
electron in intense electromagnetic fields [3—7]; growing interest in the theory of radiation in
spacetime dimensions other than four [8, 9]. The problems are intimately connected to each
other.

Early studies of the electromagnetic self force is associated with Lorentz, Larmor, and
Abraham. Lorentz [10] derived the self force by considering a finite size electron as a small
continuously charged shell. Abraham [11, 12] generalized the self-force expression to be valid
for relativistic charged particle. This is especially interesting since he did it before the advent
of special relativity. Having decomposed the particle’s electromagnetic field into singular and
regular parts, designed from the retarded and the advanced Liénard-Wiechert fields, Dirac [13]
produced equation of motion of a point charged particle in flat spacetime. This is well-known
Lorentz-Abraham-Dirac (LAD) equation which describes the dynamics of a point charge acted
upon an external force as well as its own electromagnetic field F:

q
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Here u*(s) = dz*(s)/ds (u = 0,1,2,3) is a four-velocity in the position z(s) of the charge world
line parameterized by the proper time s, a*(s) = du*(s)/ds is its 4-acceleration, and a*(s) =
da*(s)/ds is the so-called ‘jerk’. The self force is proportional to the small parameter 79 =
24?/(3m) of the dimension of time (6.2664 x 10~2* s for electron; in the dimension of length
70 = 1.8786 x 10715 m).

The backreaction terms dominate in dynamics of high energy particles moving in extremely
strong electromagnetic fields. Such a situation occurs in astrophysics, e.g. relativistic jets of
radiation and particles from super-massive black holes in the centers of some active galaxies.
In series of papers [14—16] the behavior of plasma behavior in a neutron star’s magnetosphere
is studied. The consideration is based on the LAD equation describing particle’s motion in flat
spacetime. In 1960 DeWitt and Brehme [17] generalized LAD to curved spacetime, and their
calculations was corrected by Hobbs [18] in 1968:

. 2Da” 1 _, .
mat = fi 4 ¢ (6", + utu,) <3 is —I-gR ,\u>‘> +fh (1.2)

The covariant acceleration a*(s) = Du*(s)/ds is the covariant derivative of four-velocity
ut(s) along the world line; R”, is the Ricci tensor. The external force fiy, = g"*(qF ,pu®)
is the covariant generalization of the Lorentz force. Expression in the right hand side of
equation (1.2), i.e. the self-force, results from two types of particle’s interactions with its own
electromagnetic field. The first is a purely local and describes the radiation reaction depending
on the current instant of time. The second is non-local one resulting from previously emitted
radiation:

N
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Here G:fty, is the retarded electromagnetic Green function in the curved spacetime [19,
equation (1.33)], and V, is the covariant derivative in uth direction. The square brackets des-
ignate antisymmeterization of the indices. This interaction is due to the failure of Huygens
principle: in curved spacetime electromagnetic waves propagate not just at the speed of light,
but also at all speeds smaller than or equal to the speed of light. For this reason a massive
particle ‘fills’ its own field, which acts on it just like the external one.

Having inspired by Dirac’s seminal paper [13], Detweiler and Whiting [20] develop the reg-
ularization scheme based on the decomposition of Green’s function in curved spacetime. The
retarded field is splitted into singular and regular parts being the solutions to inhomogeneous
and homogeneous Maxwell equations, respectively. Contrary to regular part, singular Green’s
function has no support inside the null cone and does not depend on the particle’s past history.
The regular Green’s function had reasonable causal structure. It has no support on the future
null cone. The function produces radiation field that detaches itself from the charge and leads
an independent existence. The singular part of electromagnetic field is permanently attached
to the charge and is carried along with it. It contributes to charge’s inertia.

Having used this decomposition, Harte [21, 22] investigates the dynamics of extended
charged bodies interacting with external fields as well as their own electromagnetic fields.
A body moves in an arbitrary curved spacetime. Harte’s scheme is based on the concept of
approximate space-time symmetries. In the sufficiently small neighborhood of a point on
particle’s world line the momentarily comoving reference frame is introduced where the region
looks nearly flat. Action principle is proclaimed to be invariant with respect to transformations
from generalized Poincaré group [21]. Harte performs volume integrations of convolution of
the stress energy tensor and generalized Killing fields [22]. Singular component of self field
contributes into both the linear and angular momenta of charged body. In approximation of
small charge distribution with slow internal dynamics the equation of center-of-mass motion
is obtained. In specific case of structureless point charge the equation becomes the well-known
DeWitt-Brehme-Hobbs equation (1.2).

Itis obvious that the de Sitter group can be substituted for Poincaré group in Harte’s scheme
[21, 22]. In the standard theory of general relativity, de Sitter space is a highly symmetrical
special vacuum solution. The isometry group of de Sitter space is the indefinite orthogonal
group SO(4, 1) which contracts to Poincaré group for short distance kinematics. The choice of
this slightly curved spacetime as the basic approximation of background gravity seems to be
more adequate than the flat Minkowski space. The decomposition of the stress-energy tensor
into singular and regular parts is necessary.

In the present paper, we study the self action problem of charged particle arbitrarily moving
in de Sitter spacetime. We adopt the generalized Detweiler—Whiting axiom which states that
the Lorentz force law involves the regular part of charge’s self field only. We shall take the
first step towards understanding how a gravity and a charge’s electromagnetic potential energy
change inertial properties of a charged particle, i.e. its individual momentum and its mass [22,
equation (59)].

Topologically, de Sitter space is the direct product R x S* where R is time axis and S? is
three-dimensional sphere [23]. The non-trivial topology makes electrodynamics very specific.
A flux integral vanishes identically if there is no boundary surface in a compact manifold. The
Gauss law says that the total outward flux of electromagnetic field through a closed surface
is equal to the total charge of particles enclosed by this surface. So, the total charge in de
Sitter space must be zero. These circumstances drastically change the method of usage of the
retarded Green’s function [24]. To reproduce the electromagnetic field, a set of initial data not
only on a given point source is necessary, but also on a Cauchy surface consisting of points in
the past of the field point. These circumstances make the self action problem highly nontrivial.
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The question arises as how to deal with DeWitt-Brehme-Hobbs equation (1.2) in case of de
Sitter metrics. One of our tasks is to figure it out.

Another task is to estimate the gravity correction for electron. We shall compare it with the
small parameter 7¢ of LAD equation (1.1). Despite the fact of rapid development of exper-
imental astrophysics, a man-maid machine only allows us to study the dynamics of radiat-
ing electron in very detail. The machine is multi-petawatt laser system [7]. Because of the
third time derivative, LAD equation possesses pathological solutions [25-27], such as run-
away solution (when acceleration grows exponentially with time) and preacceleration (when
acceleration begins to increase prior the time at which the external force switches on). The
reduction of order is necessary.

Landau and Lifshitz [28, § 76] replace the square of acceleration in the Larmor term by
the negative scalar product (u-a) and substitute m~'dff,, /dr for the problematic derivative
of particle’s four-acceleration (‘jerk’). The Landau—Lifshitz (LL) equation is of Newtonian
class which avoids the nonphysical solutions of the LAD equation. LL approximation of LAD
equation serves as equation of motion of radiating electron in an intense laser pulse in most
experiments [7, 29, 30]. Validity of this approximation depends on the magnitude of applied
force as well as type of external electromagnetic field [3-5, 7].

In [4] the series of the second order equations is investigated. They are obtained by success-
ive iteration of order reduction procedure applied to LAD equation. The expansion parameter
is Tow where 15 = 2¢*/(3m) and w is a typical field frequency scale. Since the parameter is
extremely small, the procedure can be truncated at any order of 7¢. The nth order approx-
imation is denoted as LL,. The LL equation represents only the first of an infinite series of
approximations to LAD. The authors [4] show that the perturbation expansion generated by
reduction of order has zero radius of convergence. It is because the coefficients in series expan-
sions are alternate in sign (see [4, equations (6) and (7)]). An infinite order approximation LL
is also evaluated. The properties of the iterative procedure demonstrates that effects of non-
zero curvature of Universe will be important at some iteration.

The paper is organized as follows. In section 2 we sketch the topology of de Sitter space
in context of CPT-symmetric Universe [31]. We draw a Penrose diagram illustrating a com-
pactified de Sitter space. We study geodesic curves on the one-sheeted hyperboloid modeling
the space. In section 3 we analyze the electromagnetic field produced by a point charge +¢
placed at the so-called ‘North pole’, and a charge —g at the ‘South pole’ of de Sitter space.
The form of Penrose diagram of CPT-symmetric de Sitter space allows us to apply the retarded
Green’s function in usual way. A Cauchy surface is not necessary. In section 4 we develop the
regularization procedure based on the global conservation laws associated with ten linearly
independent Killing vectors of de Sitter space. We derive the equation of motion of a point-like
charge acted upon an external force as well as its own electromagnetic field and background
gravity. In section 5, we summarize the main ideas and results.

2. Free particle in de Sitter space

De Sitter space dS, is a vacuum solution of the Einstein field equations with cosmological
constant A = 3H?. The Hubble constant H defines the Ricci scalar R = 12H? = 4A. We define
de Sitter space as a submanifold of flat spacetime M s of one higher dimension spanned by
Minkowski rectangular coordinates y:

1
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We choose the mostly plus metric tensor 7j = diag(—1,1,1,1,1). Capital Latin letters denote
indices running from 0 to 4. Following [31], we accept hypothesis of CPT-symmetric Universe:
top half of hyperboloid (2.1) pictures our Universe, while the bottom half of Hy describes anti-
Universe—a cosmos with antiparticles, interactions and opposite direction of time arrow.

The metric of de Sitter spacetime dS,4 is defined via restriction of five-dimensional line
element ds® = 7ydyMdy" to the surface of one sheet hyperboloid (2.1). Conformally Einstein
coordinates [32, § 2.21.2] cover the whole spacetime. In the CPT-symmetric Universe the
time arrow is pointing away from Big Bang in both directions [31]. To adequately describe
this circumstance we change the evolution variable [32, equation (2.21.9)] n = 7 + /2. The
de Sitter metric [32, equation (2.21.8)] takes the form [24, equation (4.1)]

- ! (
~ H2cos?t
where dw? = d¥? 4 sin? ¥9d¢? is the spherical surface element. Coordinates of a point y € Hy
is specified as

ds® —d7? 4 dx? + sin” ydw?) , (2.2)

y0 = 7 tanT,

1 siny |,
[ sin1} cos ¢,
Hcost

o 1sin

= X sinvsin ¢,
HcosTt

3 1siny

= cosV
Y T Hcost ’

4_ lcosx

= 2.3
Y T Hecost’ 2:3)

with the range of parameters given by 7 € (—m/2,7/2), x € [—m, 7], polar angle ¥ € [0,7],
and azimuthal angle ¢ € [0,27). The one-sheeted hyperboloid (2.1) is visualized as the cir-
cular cylinder of height 7 and unit radius: C = {(x,7) € R*|7 € (—7/2,7/2),x € [-7,7]}.
Future Z; and past Z_ infinities are identified with edges 7 = + /2 and 7 = — /2, respect-
ively. The vertical edges of the strip, V_ = {7 € (—n/2,7/2),x =—n} and V; ={7 €
(=7/2,m/2),x = +n}, are glued. To each point on this cylindrical surface corresponds two-
dimensional sphere with radius R = %zg’sﬁ spanned by polar and azimuthal angles. If x =0
and y = = the radius vanishes. The spheres shrink to points, named as [24] ‘North pole’ and
‘South pole’, respectively.

As de Sitter space is the slightly curved Minkowski spacetime, it is reasonable to use the
stereographic coordinates being ‘a projection the de Sitter hypersurface into target Minkowski
spacetime’ [33-35]:

Y = Q0x7, (24)
2
Y= i%ﬂ(x) (1 — Ijﬁ) , (2.5)

where x> = (x-x), and

—1
Qx) = (1 + Ifﬁ) : (2.6)

Small Greek letters denote indices running from O to 3. The ‘dot’ designates the scalar product
in flat spacetime of four dimensions: (x - x) = 7,,,x**x”. Fourth coordinate (2.5) can be presen-
tedas y* =+ (20— 1).
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The de Sitter metric is the induced metric from the standard five-dimensional flat metric on
dS,. Inserting equation (2.4) in the line element ds* = nundyMdy™ we restrict it to the surface
of hyperboloid Hy:

dS2 = nMNddeyN’m
= Q2 (x)Napdx®dx”. 2.7)
The metric tensor is
gaplx) = Qz(x)nag. (2.8)

The squared function (2.6) is the common spacetime dependent conformal factor. We denote
7) = diag(—1, 1,1, 1) the metric tensor of Minkowski space.

Let’s find the transformation from stereographic coordinates to conformally Einstein
coordinates. Two charts are necessary to cover the surface of one-sheeted hyperboloid (2.1):

o () x € [-7/2,7/2: y* =+L (20— 1).
Substituting the right-hand side of equation (2.3) for y*, we derive the conformal factor

Q(x)

and coordinate transformation

COST + Ccos Y
=—= 2.9
2cosT 29)

0o 2 sinT
~ HcosT +cosy’

| :E sin x
H cosT+cosy

2 2 siny
H cosT+cosy

3 _ 2 sinx
H cosT+cosy

sin?}cos ¢,
sin?sin ¢,

cos . (2.10)

Putting 7 =0 and x =0 we obtain the Big Bang [31] point where x* = 0.
o b)x €[-m,—7/2JU[r/2,7]: y* = -4 (2Q-1).
In this case the conformal factor becomes
COST — COS X
Qx) = ———=. 2.11
(x) 2cosT ( .
The coordinate transformation takes the form

0o_ 2 sinT
- HcosT —cosy’
2 sin
= —7Xsim9cos¢,
H cosT —cosy
) .
22 Sx sind sin ¢,
H cosT —cosy
) .
B=2 X oew. 2.12)

~ HcosT —cosy

If =0 and x = =7 we obtain the Big Bounce [31] point where x* = 0.
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B

Figure 1. Sketch of compactified de Sitter space. Coordinates (,7) cover one-sheeted
hyperboloid (2.1); spherical angles (14, ¢) are suppressed. Bottom edge 7 = —7 /2 cor-
responds to the past infinity Z~ while the top one 7 = + /2 represents future infinity
I+, Zero level T =0 depicts Big Bang (x = 0) and Big Bounce (xy = £). We draw
causal structure for two specific points, x =0 and x = =£. Null cones separate time-
like and space-like domains. The latter are shaded in grey. Vertical ‘edges’ x = 7 and
x = — are identified.

Both the Big Bang and the Big Bounce are the fixed points of de Sitter group transformations.

Having analyzed the chart (b), we see that the conformal factor (2.11) vanishes if and
only if x = 47. Both the rays, x —7 =0 and x + 7 =0, begin at the coordinate origin
and end at infinities, either past Z~ (7 = —m/2) or future Z+(7 = +7/2). In the Penrose
diagram pictured in figure 1 they are represented by the straight lines with +45° slope.
They are out of the domain D, = {7 € (—7/2,7/2),x € |[-m,—7/2]U[r/2,7]}. Therefore,
the coordinate transformation (2.12) is justified. The rays lie within the domain D, = {7 €
(—m/2,m/2),x € [-7/2,7/2]}. At their points the conformal factor (2.9) is equal to 1.
According to equation (2.6), this immediately gives (x-x) = 0. The past directed light rays
end at past infinity Z~, while future-directed ones end at future infinity Z™.

Analogously, when the chart (a) is considered, the conformal factor (2.9) does not vanish
within the domain D, and coordinate transformation (2.12) is correctly defined. The segments
X £ 7 = 7 belong to the domain D,,. At these points the conformal factor (2.11) is equal to 1.
According to equation (2.6), this implies (x - x) = 0. The light rays begin at point (7 =0, x =
+7) and end at infinities, either past or future. They are pictured in figure 1.

Causal structure of de Sitter space is induced by that in ‘host” Minkowski spacetime of five
dimensions [23, § I1.7]. The interval between two points, x and x’, in dSy is nothing but the
projection of interval in five-dimensional flat spacetime on the hyperboloid (2.1):

plex) = man (5™ = y™) N = ™) |,
= Qx)Q(x" ) (X —xH) (& —x™). (2.13)

The interval is proportional to the standard one of special relativity. Thus two events, x and
X', in dS4 are future connected if (x —x’)?> <0 and x° — x’® > 0. The events are space-like
separated if (x — x’)? > 0. When (x — x’)? = 0, the points lie on the light cone.

7
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Starting with the covariant metric tensor (2.8), we present the basic objects of de Sitter
metric in the simple and clear form. Putting it in general expression [32, equation (1.3.3)] for
Christoffel symbols of the 2nd kind we obtain

THop = HTZQ(x)(—c?“axg—5”ﬁxa+na5x"). (2.14)
Standard calculations yield Riemann tensor [32, equation (1.3.6)]

Ryaps = —H>Q(x) (Mapllvs = Napilvp) (2.15)
Ricci tensor [32, equation (1.3.9)]

Rop = 3H*Q*(X)Nap, (2.16)
and Ricci scalar [32, equation (1.3.10)]

R = 12H%. (2.17)
Itis easy to show that the tensors satisfy the source free Einstein field equation G, + Ag, =0
thrgHEéinstein tensor G, =R, — 1Rg, = —3H*Q*(x)n,,, and cosmological constant

2.1. Geodesics in de Sitter space

The full geodesic equation is
d>xt dx dx?
— H aB————
ds? ds ds
where s is the proper time defined by the relation
dx® dx”
Eap ds ds
Here sign ‘—’ stands for time-like geodesics while sign ‘4’ defines space-like ones. Inserting
the Christoffel symbols (2.14) we obtain the equation on geodesics in de Sitter space

=0, (2.18)

— 1. (2.19)

i+ %HZQ()C) [— 2(x- )it 4 (x-x)x* | =0. (2.20)

The ‘dot” denotes the scalar product in flat spacetime of four dimensions, e.g. (x-i) =
Na ﬂxaxﬁ . According to equations (2.8) and (2.19), the squared four-velocity (- x) takes value
either —Q~2 for time-like geodesics or +Q~2 for space-like ones.

We overmultiply the equation on —(H?/2)Q?(x)x,,. After some algebra we derive the non-
homogeneous second-order differential equation

i 1
QO+ kH? <Q—2> =0, (2.21)
where parameter x = Q?(x)(x - X) can takes three values:
—1 , time—like geodesics
k=< +1 , space—like geodesics . (2.22)
0o null geodesics

Rewriting the projection relation (2.5), we express the conformal factor €2 in terms of 4th
coordinate of the ‘host” Minkowski space of five dimensions:

Q= % (1+Hy"). (2.23)
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Inserting this in equation (2.21) we obtain homogeneous second-order differential equation on
the fourth space coordinate

§* + kH2y* = 0. (2.24)

We deal with the manifestly covariant theory. It is reasonable to assume that the coordin-
ates (2.4) satisfy analogous equation, namely

yH + kH*yH = 0. (2.25)
Let us prove that it is equivalent to geodesic equation (2.20). Substituting Q(x)x* for y* we

derive the equation

2

% (") + kH*Qx! = 0. (2.26)
S

Inserting the differential Q = —(H?2/2)Q?(x - k) of conformal factor (2.6), taking into account
equation (2.21), and replacing the parameter # by Q?(x)(x-X), we obtain the geodesic
equation (2.20).

2.1.1. Time-like geodesics.  The solution to equation (2.21) where k = —1 is parameterized
by hyperbolic functions

1
Q= 3 + B cosh(Hs) + B, sinh(Hs), (2.27)

where B and B, are constants of integration. As the equations (2.21) and (2.24) are equivalent
to each other, they are associated with initial values of the fourth coordinate of M s, namely
Bi = (H/2)y*(0) and B, = (1/2)3*(0).

The solution to equation (2.25) is as follows

y*(s) = y*(0) cosh(Hs) + %ya (0) sinh(Hs). (2.28)

Taking into account the coordinate transformation (2.4), we obtain the coordinate functions of
the time-like geodesic curve { C dSy

A“ cosh(Hs) + B“ sinh(Hs)

x4(s) = . 2.29
(5 1 + By cosh(Hs) + B, sinh(Hs) (229
Four-vectors A and B are connected with initial values of coordinates of M 5:
1.,

A% =y*(0), B = 7 (0). (2.30)

Initial values satisfy the constraint (2.1) and its differential consequence:
1

y™ (0)"(0) = 73, (2.31)

many™ (0)3"(0) = 0. (2.32)
These yield the following relations on vectors A and B involved in equation (2.29):

1
(A-A) = 7 (1-4B}), (2.33)
4
(A-B) = ——BB;. (2.34)

H2
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Itis easy to show that the proper time condition Q?(x) (i - ¥) = —1 is equivalent to the constraint
mayy" = —1. (2.35)
The initial five-velocity satisfies this relation too. It produces the relation
1
(B-B)= 753 (—1-4B3). (2.36)

Recall that the ‘dot’ denotes the scalar product in flat spacetime of four dimensions, e.g.
(A-A) =1,3A“AP. Direct calculations show that the coordinate functions (2.29) satisfy the
geodesic equation (2.20).

Inserting coordinate functions of points x(s) € ¢ and x(s”) € { in equation (2.13) we derive,
that they are separated by the squared interval

p(x,x") = % [1—cosh(H(s—s"))]. (2.37)

We expand the argument of hyperbolic cosine in powers of small parameter H. Restricting
ourselves to the first nontrivial term, we obtain p(x,x’) = —(s — s’)2. As would be expected,
the approximated interval reduces to the difference of proper instants s and s’ depicting two
points on time-like geodesic line in flat Minkowski space of four dimensions.

2.12. Space-like geodesics.  Putting k = +1 in equation (2.24) we obtain the equation on
simple harmonic oscillations. The solution is defined by trigonometric functions. Taking into
account equation (2.23), we find the conformal factor

1
Q(s) = 5 +B cos(Hs) + By sin(Hs), (2.38)

where constants B; = (H/2)y*(0) and B, = (1/2)3*(0).
Putting x = +1 equation (2.25) we see that the coordinates y* also satisfy the oscillatory
equations. Since y* = Q(x)x?, the space-like geodesic curve £ is spanned by coordinate func-
tions
a(s) = A% cos(Hs) + B* sin(Hs)
i 1+ By cos(Hs) + B, sin(Hs)’

(2.39)

where four-vectors A and B are related to the initial data (2.30). The constraints (2.31)
and (2.32) produce the relations (2.33) and (2.34), respectively.
The proper time condition % (x) (% - X) = +1 is equivalent to the constraint

a3 = 1. (2.40)
It produces the relation
1
(B-B) = 7B (1—4B3), (2.41)

(cf equation (2.36)).
Putting coordinate functions (2.39) of points x(s) € £ and x(s) € £ in equation (2.13) we
derive that the points are separated by the squared the interval

p(x,x") = % [1—cos(H(s—s"))]. (2.42)

Expanding the argument of cosine in powers of H we obtain p(x,x’) = (s — s’)? after passing
to H — 0 limit. The approximated interval reduces to the difference of proper instants s and s’
depicting two points on space-like geodesic line in flat Minkowski space of four dimensions.

10
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2.1.3. Null geodesics. In the domain D, the locus of points satisfying (x-x) =0 are spe-
cified by the relations x = +7 where time 7 € [0,7/2). Inserting this in equation (2.10) we
find out the coordinates of points of null cones in the standard form

Xt = kts, (2.43)

where k# = (1,4+n’), n' = sinvcos ¢,sin sin ¢, cos ¥, is null four-vector. The vertex of future
light cone is placed at the coordinate origin (x,7) = (0,0) (North pole). Proper time s =
%tam' plays role of affine parameter: s € [0, +00).

Expression (2.43) is true of the domain D,. So, for (x,7) = (£, 0) (South pole) the past
cone is specified by x = £ (7 + 7) where time 7 € (—7/2,0]. Inserting this in equation (2.12)
we obtain equation (2.43). Affine parameter s € (—00,0].

Taking into account equation (2.13), we see that points on null cones with vertex at point x’
can be parameterized as x* = x* + rk* where r is affine parameter and (k- k) = 0. This cir-
cumstance allows us to introduce the retarded coordinates in de Sitter space (see appendix C).

3. Electric charge in de Sitter space

The space-like geodesics in de Sitter space are expressed in terms of trigonometric functions
which repeat their values at regular intervals. This reflects the circumstance that dS; is topolo-
gically R x S* where R is time axis. A flux integral vanishes identically if there is no boundary
surface in a compact manifold. In [24] the electromagnetic field produced by a point charge +¢g
placed at the so-called ‘North pole’, and a charge —q at the ‘South pole’ has been calculated.
Both the particles are at rest.

Let us consider time-like geodesics of two opposite charges in CPT-symmetric Universe
[31]. The set of parameters By =1/2, B, =0, A* =0, B0 = 1/H, and B' =0 satisfy
equations (2.33), (2.34) and (2.36). Putting these in equation (2.29), we obtain the time-like
geodesic curve of static charge:

o _ 2 sinh(Hs)
*(s) = H 1+ cosh(Hs)’
¥ (s) =0. (3.1

Let us consider the positive charge situated at ‘North pole’. We suppose that it moves forward
in time. The static charge ‘lives’ in the open subset U = {(x,7) € R?|x € [-7/2,7/2],T €
[0,7/2)}. Putting x = 0 in equation (2.10), we obtain

2(r)

where 7 € [0,47/2). Having compared with equation (3.1), we derive the relations between
evolution parameters

2 sinT

_2 32
HcosT+1’ (3.2)

1
cosh(Hs) = o5 sinh(Hs) = tanT. (3.3)
T

To clarify the situation we present the zeroth component of geodesic curve in the form

O(s) = 2 [cosh(Hs) —1
H \/ cosh(Hs) + 1

2 [1—cosT
=/ — 3.4
HYV 1+cosTt 34
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Since 7 € [0,+/2), the coordinate function raises from 0 to 2/H. Passing to H — 0 we obtain
[Limo x%(s) = +s. If Hs — oo then zeroth coordinate x°(s) approaches to Horizon 2/H.
—

We suppose that the negative charge placed at the ‘South pole’ moves backward in time.
Putting x = 7 in equation (2.12), we obtain the coordinate function (3.2) where 7 € (—/2,0].
Proper time s and evolution parameter 7 are related by equation (3.3). Zeroth component of
geodesic curve takes the form

2 [/1—cosT
“ HY 1+cost 3:3)

The coordinate function changes within the interval (—2/H,0]. Passing to H — 0 we obtain

Il{imoxo(s) = —s. If Hs — —oo then zeroth coordinate x"(s) approaches to Horizon —2/H in
s

anti-Universe.

Gauss law is satisfied because to each charged particle in our Universe corresponds anti-
particle in its mirror counterpart consisting of antimatter. Penrose diagram of CPT-symmetric
Universe is pictured in figure 1. It is quite different from that in [24, figure 1(b)]. The world
line of a static charge placed at North pole originates from Big Bang moment 7 = 0, not from
remote past 7 = —7 /2. As a consequence, the charge moves inside the causality region, not
at its edge (cf figure 1 and [24, figure 1(b)]). For this reason, the electromagnetic potential is
related to Green’s function in usual way in CPT-symmetric de Sitter space.

De Sitter space is slightly curved spacetime in the absence of matter or energy. This resid-
ual curvature implies a positive cosmological constant A = 3H? determined by observation.
The inverse Hubble length (7.2817 £0.0584) x 10~?’m~! corresponds to the Hubble con-
stant H = 67.36 £ 0.54 (Kms~ D Mps_l [36, equation (14)]. Let us imagine a proton that was
born at the moment of Big Bang, i.e. Ty = 13.7 billion light years ago. Dimensionless argu-
ment of hyperbolic cosine is HTy ~ 0.9438. The zeroth coordinate x°(Ty) ~ 12.7661 billion
light years. If the dynamics of a charged particle in the processing chamber of a man-made
machine is studied, the Big Bang looks as an event at the remote past. Another important point,
the Horizon 2/H = 29.03 billion light years, is the very distant future.

Do we have calculate time and distance from the Big Bang in de Sitter space? The answer
is negative. De Sitter space is the quotient of the pseudo-orthogonal group SO(4, 1) and the
Lorentz group £, namely dS; = SO(4,1)/L [33]. Transformations from ten-parameter group
SO(4,1) do not change the interval (2.13). The group manifold is a bundle with de Sitter space
as base space and the Lorentz group L as fiber. Similarly to Minkowski spacetime, we can
choose the coordinate origin at an arbitrarily point and direct coordinate axes as we like a.s. For
example, see [37] where well-known Twin Paradox in de Sitter Space is studied. Transitions
between inertial frames is governed by the Lorentz group.

The first charge ‘lives’ in our Universe while the second one exists in its mirror counter-
part consisting of antimatter. These worlds are not causally connected. With a great degree of
accuracy we can put the interval s € (—o0,400) instead of the time interval from Big Bang to
Horizon in our Universe.

Let a point-like charge ¢ moves along a world line { C U parameterized by four functions
z%(s) of proper time parameter s. The charged particle produces current

“+oo

P =a [ @)

5 (r—2ls))

(3.6)
—g(x)
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where u” (s) = dz”(s)/ds is the four-velocity. We take into account that in curved spacetime the
d-function definition involves the determinant of the metric tensor 1/ —g(x) (see [19, equation
(13.2)]). Corresponding electromagnetic potential is

ALet( d4 /\/7Gret / x/)7 (3.7)

where Gr/fty ,(x,x") is the retarded Green’s function [24]. DeWitt-Brehme-Hobbs equation (1.2)
is valid in de Sitter space. The equation adapted for de Sitter metric (2.8), Christoffel sym-
bols (2.14), and Ricci tensor (2.16) does not distinguish between short-range and long-range
radiations. To find corresponding expressions we apply Harte’s scheme [22] to the self action
problem of charged particle arbitrarily moving in de Sitter spacetime.

3.1. Maxwell equations in a curved spacetime

At each point of a four-dimensional Riemannian manifold (M, g), a given current density j
generates the electromagnetic field which satisfies the Maxwell equations

dF =0, (a) d*F=4x", (b) (3.8)

where 47 is the area of unit three-dimensional sphere. For a given coordinate chart (U, x) on
M, the field is determined by the Faraday 2-form F = %F op dx® A dx? where the differentials

of a set of coordinates serve as basic 1-forms. To define the Hodge dual 2-form *F = &(F) we
construct two-vector F = %F " e, A e, with components

FM = glF 58", (3.9)

and then find the dual of F with respect the volume 4-form @. Tensor g"“ is the reciprocal of
the metric tensor g ,g which induces this 4-form

= /—g(x)dx® Adx! Adx® Adx®. (3.10)

&

We denote g(x) the determinant det |g » 3| of the metric tensor. So, the components of the Hodge
dual 2-form *F = %*FW; dx” A dx® heavily depends on metrics:

1
* ¥ — E V 7g€’yéuuFMV
1

= Eq/i—gev(;lwg“aFaggﬁy. (3.11)

Levi-Civita symbol €5, is defined by O if any two labels are the same, +1 if 7,0, u,v is
an even permutation of 0,1,2,3, and —1 if the set of labels is an odd permutation of these
numbers. The volume fqrm (3.10) is oriented as €g1o3 = +1.
Hodge dual 3-form *j = &(j) of a four-vector current j =j”e,, is
*}:\/jg(jodxl/\dxz/\dXS

—jtax® Adx® A dX®

+ A Adx! Adx®

— a0 Adx Ady?). (3.12)
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Routine calculations yield the second pair (3.8(b)) of Maxwell’s equations in curved
spacetime:

B .
i (V88" Fagg™) = —4my/=g/". (3.13)

Despite the use of partial derivatives, these equations are covariant under arbitrary curvilinear
coordinate transformations. Thus if one replaces the partial derivatives with covariant derivat-
ives, the extra terms thereby introduced would cancel out [38].

Let us consider the first pair (3.8(a)) of Maxwell’s equations in curved spacetime. We sup-
pose that the Faraday 2-form is exact on coordinate chart (U,x) C M: F =dA. The electro-
magnetic field is a covariant antisymmetric tensor of degree 2 which can be defined in terms
of the 1-form electromagnetic potential by

8Aﬂ 0A,,
F.5= — —— =0,45 — A,
P oxe ~ 0xP pop
= VaAg - VBAa = V[aAm, (3.14)

where V,, denotes the covariant derivative. Inserting the second line of equation (3.14) into
equation (3.13) and adopting the covariant Lorentz gauge

V,AY =0. (3.15)
one arrives at the well-known wave equation
DAY — RY3AP = —4rj°, (3.16)

for the electromagnetic vector potential in a curved spacetime. Here [1= g""V ,V,, is the
covariant wave operator and R“ g is the Ricci tensor.

The Green’s function technique is applied to solve the wave equation [19, 20, 24]. The
retarded electromagnetic potential is given by equation (3.7) where ijty, (x,x") is the retarded
Green’s function of the equation (3.16).

3.2. Electrodynamics in de Sitter space

Stereographic coordinates (2.4)—(2.6) result the conformally flat metric tensor (2.8).
Electrodynamics in a conformally flat spacetime of four dimensions possesses remarkable
properties [39, S. II] which simplify the procedure of solving of wave equation (3.16).

Inserting the square root of negative determinant /—g = Q*(x) and the reciprocal of de
Sitter metric tensor g** = Q~2(x)n"“ into Maxwell’s equation (3.13) we obtain

) .
e ("F 05m°") = =470 (x)j*. (3.17)

It is of great importance that the conformal factors disappear in the left hand side of this
equation. This circumstance motivates us to substitute 9,Ag — JgA, for Fp (see the first
line of equation (3.14)). We arrive at
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0? 0 9(n**A,)
e AanPV) — pfv - e/
" oxnoxa (Agn™) —n oxB Ox
= 470t (x)7. (3.18)
To simplify the equation we adopt here the non-covariant Lorentz gauge
) ;wcAa
o(rAa) _, (3.19)
OxH

The potential satisfying this condition differs from that satisfying the covariant Lorentz
gauge (3.15). Thus we use the notation A,,. Finally we obtain the wave equation

OAgn"" = —470% (x)7", (3.20)

where [ = n**0,,0, is the standard d’ Alembert operator in flat spacetime.
It is of great importance that the left hand side of this equation is just the same as in
Minkowski space. We apply the Green’s function method (3.7)

Ag(x)n™ =47T/d4x’Q4(x’)G(x—x’)j"(x’), (3.21)
U

where we take into account that /—g(x’) = Q*(x’). The function G(x — x’) gives a response
to §-shape excitation
OG(x —x') = —6*(x —x") (3.22)

where [ is the standard d’ Alembert operator in Minkowski space.
There are two solutions: (causal) retarded Green’s function and its advanced (acausal) coun-
terpart. We restrict ourselves to the well-known retarded solution to equation (3.22)
1 6(x°—x"0—|x —x'|)

47 |x — x|

G*'(x—x")= , (3.23)
where x = {x!,x?,x*}. The retarded Green’s function has support only on the past light cone of
the field point x. We insert the function (3.23) and the §-shape current (3.6) in equation (3.21).
After some algebra we obtain the retarded potential in de Sitter space

ul/ ( Sret ( .X) )
r(x)
The potential is inversely proportional to the standard retarded distance in Minkowski space
r(x) = —nap(x* —2%(s"))u’ (s°), (3.25)

i.e. to the scalar product on null linking vector K® = x® — z%(s"!(x)) and particle’s four-
velocity, taken with opposite sign.

For further convenience Greek indices are raised and lowered with the Minkowski met-
ric tensor 7 = diag(—1,1,1,1) in the present paper. With this in mind we rewrite the poten-
tial (3.24) in the form

Ap(om™ = (3.24)

(3.26)

The denotation is not mathematically correct. Indeed, in de Sitter space we apply the covari-
ant metric tensor g5 = 2%(x)n4p in the operation of lowering indices. However, usage 7,5
seems very natural because de Sitter metric tensor is proportional to Minkowski metric tensor.

In appendix A we demonstrate that the potential (3.26) in the non-covariant gauge (3.19) is
gauge equivalent to the Higuchi-Lee potential (A.17) in the covariant Lorentz gauge. Recall
that in terms of stereographic coordinates the line element (2.8) of de Sitter Universe satisfies
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the conformally flat space condition. Hobbs [40] proved that in spacetime with conformal met-
ric the ‘tail’ term (1.3) vanishes (see also [41]). In appendix B we show that the integral (1.3)
defining the nonlocal tail term of the radiation reaction force vanishes in de Sitter space.

In this specific case the scheme developed by Detweiler and Whiting is based on the sym-
metric Green’s function [20, equation (6)] where tail function v(x,z) vanishes:

amwazéaﬂ_wy (3.27)

We denote 7= x° — 7 and R' = x' — 7'. The inhomogeneous field is the one-half sum of the
retarded and the advanced solutions, while the homogeneous one becomes the one-half differ-
ence of these fields.

3.2.1. Electromagnetic field in de Sitter space.  The retarded electromagnetic field in de Sitter
space Fop = 0,Ap — 03A, can be derived from the potential (3.26) by using the differenti-
ation rule

a ret
S g (3.28)
ox®
where k, = K, /r is the normalized linking null vector K, = x, — z4[s""(x)]. The adjective
‘normalized’” means the property (k - u) = —1. It allows us to differentiate a function of x which
contains an implicit reference to the retarded time s. In particular
0
£?=—M+FWMHJWMMW (3.29)
where (- u) = 1, u*u” and (a - k) = n,,ak” . It is worth noting that for time-like geodesics
(u-u) = —Q7%(z) (see normalization relation (2.19)).

The rule can be derived as follows. Let us consider the interval (2.13) where x be a field point
while x’ is the source point z(s) € ¢ at which the world line ¢ CdSy intersects the past light
cone of x. The points are linked by null geodesic: p(x,z(s)) = Q(x)Q(z(s)) (x — z(s))> = 0. We
assume that neither field point nor source point lie on the surface where either Q(x) or (z(s))
vanishes. Therefore, in de Sitter space the null geodesics lie on the surface of Minkowski light
cone (x —z(s))* =0.

Suppose that the field point x is shifted to the new point x + dx. This infinitesimal displace-
ment yields corresponding change in the retarded time s + ds. New points, x + dx and z(s + ds),
are related by null geodesic: p(x + dx,z(s + ds)) = 0. Expanding this in series of dx and Js,
restricting ourselves to the first order in these small parameters, and using (x — z(s))?> = 0 we
obtain

Ko0x% +rdés =0, (3.30)

where K, = x,, — Z4(s) is the linking null vector and r is the retarded distance (3.25). This
immediately gives the differentiation rule (3.28).

These allows us to derive the components of retarded electromagnetic field 2-form. After
some algebra we obtain
H%m:%ﬂ*@@wwﬁg+%%@f%%+@wﬂhmf%@» (3.31)
All the particle’s kinematic characteristics are referred to the retarded time 5™ (x) associated
with point x where the field strengths are measured. The centered dot designates the scalar
product of two four-vectors produced by metric tensor of flat spacetime.
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4. Radiation reaction force

For a point charge arbitrarily moving in flat spacetime the Harte’s procedure [22] yields the
flows of energy, momentum, and angular momentum through thin tube around particle’s world
line. At first the calculation of linear momentum flow has been performed by Teitelboim in his
pioneering paper [42] on the derivation of the LAD equation (1.1) within the frame of retarded
causality. The components of momentum four-vector carried by electromagnetic field of a
point-like charge are

Pem = / do, T, 4.1
a(n)

where do, is the vectorial surface element on a space-like surface o (). In [42, figure 1] the
surface o (t) is the section of future light cone and covariant hyperplane being orthogonal to
particle’s four-velocity. Poisson [43, figure 3] calculates flows through thin world tube r =
const enclosing particle’s world line. In [44] the hyperplane x” = const is used.

The stress-energy tensor

1 y 1 -

TP () = 0™ 0™ | Fuyn™ Fus = 2Py Fpsn ™| (4.2)
is composed from the retarded Liénard-Wiechert field strengths (see equation (3.31) where
Q2 = 1.) It admits a natural decomposition into singular (bound) and regular (emitted) com-
ponents:

TP (x) = T(a_a) (x) + Ta_i) (x) + T(a_Bz) (x) . (4.3)
——
bound radiative

Each term has been labeled according to its dependence on the distance r. So, the subscript
(—2) means that the radiative term is inversely proportional to the squared distance.

Volume integration of the radiative part Tyyq = T(_z) of the stress-energy tensor (4.2) gives
the Larmor relativistic rate of power of electromagnetic waves that detach themselves from the
charge and lead an independent existence. Integration of the bound part Typg = T(_4) + T(_3)
yields singular terms inversely proportional to the distance. They constitute the bound part of
electromagnetic radiation which is permanently attached to the charge and is carried along
with it. It contributes to charge’s inertia.

A point-like charge is the limiting case of an extended body. Teitelboim’s decomposition
is in line of the Harte’s scheme. In order to calculate the electromagnetic field contribution in
charge’s inertia, the bound component Tﬁg should be inserted in between the round brackets
in [22, equation (35)]. The term T(_4) is composed from the velocity field [42, equation (2.3a)]
which is inversely proportional to the squared distance. While the term f“(_3) contains also the
acceleration field [42, equation (2.3b)] scaled as 1/r. The singular field FS involved in [22,
equation (35)] can not be extracted from the retarded Liénard-Wiechert field. According to
[22], FS originates from new symmetric Green’s function [20, equation (16)!]. In case of flat
spacetime it is one-half of the sum of the retarded and advanced field strengths. The stress-
energy tensor composed from F* is not equal to Tyyq. Regular field FR becomes one-half dif-
ference of the retarded and advanced field strengths. The stress-energy tensor composed from
FR is not equal to Traa. Their sum has no of true physical sense.

Similarly, the torque of the stress-energy tensor which defines the angular momentum tensor

MG = / doy, (x*T"7 —2°T"*) 4.4)
o)
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can be decomposed. The bound and radiative parts of integrand in equation (4.4) are as
follows [44]:

Mg =2 () Td — 27 ()Tt 4.5)
(= () TPy = (@ =2 () T,

My =2 (5)Tona — 27 () Tt (4.6)
(= 2 () TEYy — (& =2 () TCY),

where s is the retarded instant and T(_3), T(_4) denote the parts of Tbnd which are scaled as
r~3 and r—*, respectively.

In [44] the LAD equation (1.1) is derived via analysis of ten conserved quantities corres-
ponding to Poincaré invariance of a closed system consisting of a point-like charge and its
electromagnetic field:

P =S +pS, MP =Man+MSE. (4.7)

part
It is natural to assume that the divergences are absorbed by particle’s individual characteristics.

They are proclaimed to be finite and measurable. The radiative terms which leave the charge
and lead to an independent existence are valuable for conservation laws:

P :p}?art + Praas MeP = M;lrﬂt +M(Zdﬁ’ (4.8)

(cf equation (4.7)). The system is then placed in an external field. Changes in particle’s mech-
anical 4-momentum py,., and momentum py, carried by particle’s electromagnetic field should
be balanced by external force: ppyy + Prag = foxi- Similarly, Changes in angular momenta should

be balanced by torque of the external force: Mpaﬁ + Mr’zf = 2% — 2°f2,. Careful analysis of
ten algebraic equations yields the expression for particle’s mechamcal four-momentum
2 2
pp‘,lrt = mut — Ta" 4.9)
and its time derivative
dPpar | 247
d"s““ + =5 (@@ = 1 (4.10)

The second term in equation (4.9) describes the electromagnetic field’s contribution to
particle’s inertia. Substituting the left hand side of equation (4.9) for Pf;an we obtain the LAD
equation (1.1).

4.1 Radiation reaction force in de Sitter space

The dynamics of a free massive charge in the de Sitter space is governing by the Lagrangian
L(z,2) = —my/ —gap(2)2%%5, 4.11)

where g o5(z) = 2%(2)1a3- Here overdot denotes differentiation with respect to any time para-
meter 7. Variation of action based on this function yields the equation of motion

dpo 1 5 dz
HQ V=0 412
oot 3100 (- )2 =0 @1

where p,, is particle’s four-momentum
Za

Pal(T) = mﬁm (4.13)

)
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and (z-2) = nagzazﬁ . The equation (4.12) can be rewritten as manifestly covariant one:
7"V, (pa) = 0. In coordinate treatment we have

r a/gp.yg =0, (4.14)

where I'? , g are Christoffel symbols of the 2nd kind (2.14) (see also equation (9) in [34]). The
equation, completely rewritten using proper time s satisfying the condition g ,5(z)z%z% = —1,
takes the form

d’z, 1

m(2) | =5 + SH Q) [-2(z- )za + (- 2)2a] | =0. (4.15)

Overdot designates differentiation with respect to proper time s. Raising of indices by means
of the reciprocal metric tensor g"*(z) = Q~2(z)n** we obtain the geodesic equation (2.20).
The equation is solved in section 2.1 where the time-like, space-like, and null geodesics are
found.

The equation of motion of test charge acted upon an external electromagnetic field F**' is

dp dz? dz’
=217, = gFeL
dr PPy gy T4 aBTg;
The field enforces it to deviate from geodesic motion (cf equation (4.14)). In terms of kinematic

quantities u(s) = dz(s)/ds and a(s) = du(s)/ds the equation of motion of test charge in de
Sitter space takes the form

(4.16)

m {a” + %HZQ(z) [—2(z- u)u + (u- u)z"]} = fexv (4.17)

where the external force f%, = g"*(gF g’guﬁ) All tensors are evaluated at z(s), the current
position of the particle on the world line. The equation governs the evolution of a test charged
particle subject only to background gravity and external electromagnetism. Our next task is to
calculate the self-force due to particle’s own field.

We base our consideration on the balance of conserved quantities which, according to
Nother theorem, correspond to the symmetry of the problem. In [33-35, 45] the idea of
de Sitter invariant special relativity has been considered in very details. The group of iso-
metry SO(4,1) of de Sitter space involves the Lorentz group SO(3,1) as the subgroup. The
space rotations describes isotropy of space while the boosts indicates the equivalence of iner-
tial frames of reference. The set of generators of corresponding infinitesimal transformations
[33, equation (14)]

0
Lagzxaw—)%@. (418)
consists of the usual space rotations J; = ek’jL,;,- and boosts K; = L.

The combination of usual space translations and proper conformal transformations consti-
tute four non-commutative generators which are responsible for homogeneity. The generators
[33, equation (15)]

2 o H2

H 0
= 1= (x- 4= B
[, {1 (x x)] + 5 XX

507" (4.19)

reduce to usual space-time translations in vanishing cosmological limit H — 0.
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According to the Néther theorem, the group of isometry SO(4,1)of de Sitter spacetime
produces ten conserved quantities:

e de Sitter momentum [45, equations (27) and (28)]
_ 1
o = 2(2) {(2 — Q7 '(2)) 6% + ZHZZ“ZB] Pl (4.20)

e angular momentum [45, equation (29)]
M = () (2Ppun = P “21)

The tangent momentum four-vector p® is related to its cotangent counterpart (4.13) by means
of the operation of rising indices. In the proper time parametrization p, = m$?(z)z, and,
therefore, p® = g5 (z)po, = mz”.

When considering an isolated system of a point-like charge and its electromagnetic field,
the conserved momentum is

I = m8, + 78, 4.22)

where the second term is the de Sitter momentum carried by the particle’s electromagnetic
field (3.31):

s T 27
e = / ds’ / ddsind / dp Q* (x)Q(2) 7 (4.23)
—00 0 0
2 —1 af L 2o B
x Q°(x) (27(2 (x)) T rg+ EH X (x,deS rﬂ) .

By rg we denote the coordinate partial derivative (3.29) of the retarded distance (3.25). The
outward-directed surface element (C.7) is derived in appendix C. Similarly, the total conserved
angular momentum is

AP =\ \ob (4.24)

part

with electromagnetic field’s contribution

N T 27
AP = / ds’/ dd sim?/ dp Q*(x)Q2(2)* Q% (x) (x”‘Tfs’ynY —xﬁT(fS’yrﬁf) . (4.25)
—0o0 0 0
The stress-energy tensor of de Sitter space is

o | O 1 -
Tdsﬁ(x) = Eg Mgﬁ |:Fu7875FV6 - Zg,quavg’yéFpSg p:|

_ 1 o6/ as
= Q7°(x) T (x), (4.26)
where T (x) is the stress-energy tensor (4.2) of Minkowski space. The retarded electromag-
netic field F is given by equation (3.31).

In this section we derive the radiation reaction force from ten balance equations (4.22)
and (4.24). Changes in total de Sitter momentum II* and angular momentum A ®# should be
balanced by the external Lorentz force and its torque:

20
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Fpart + Trem = (2) [(2 —0T @)+ pH e z)z“] : (427)
S Ae0 = ) (L Fo =) - (428)

As the factor 27(x) in the electromagnetic stress-energy tensor (4.26) cancels the factor Q2°(x)
in field’s contributions to conserved quantities (4.23) and (4.25), the time derivatives of this
quantities take the form
l T 27 1
i =— [ dv sim9/ dpQ*(2)r? [(2 — Q7 (%)) T*rg + inxa (vaWrﬂ)} , (4.29)
0

Mmoo A

T 27
AoB — 4i/ dﬁsinﬁ/ do QP (2)r? (x*T77ry —xPT7r,). (4.30)
T Jo 0

Angular integration can be handled via relations (D.8) presented in appendix D. Resulting
expressions depend on kinematic quantities referred to the particle’s current position z(s) on
the world line. They consist of (short-range) divergent terms and distance-free radiative terms
which leave the point source and lead to independent existence. In the pioneering spirit of
Detweiler-Whiting [20] and Harte [22], it is natural to assume that the divergences are absorbed
by particle’s individual characteristics. Then they are proclaimed to be finite and measurable.
The radiative terms which leave the charge and lead to an independent existence are valuable
for balances of conservation laws only. Having performed the solid angle integration, we obtain

Tiaa = 4 {92 {(2 —Q0 o+ ;HZZO‘Z[&] %Qz [(a -a)+ %H“(z : u)z} u? 4.31)

1 1
- Zqua + §H2§22 [(z-a)u® — (z- u)aa}} ;

A§§:§q2{94 {(a.a)+iﬂ4<z-u) } (e = 2Pu) + 0 (ua” u"a“)}- (4.32)

We substitute they for electromagnetic field contributions 7&,, and A& in the balance
equations (4.27) and (4.28), respectively. We obtain the system of ten linear algebraic
equations on elght components 7y, and 7. After some algebra we derive the following
equation on 7,

part*
part

1
SHA (@) (2 u) (25 = ) +0(2) (4 — 45

- w(z) (Zaﬂ-ﬁd -z ﬂ—l‘dd) + >\1'dd = 7 (433)

where w(z) = (2 — Q1) L. The solution is

T = (2) [( —Q7 5%+ ;szazﬂ] (M(s)uﬁ 2;’ a® + ‘i H*Q7!(z )z5>, (4.34)
where M(s) is a scalar function which can be interpreted as inertial mass. It will be defined
below. Assuming this we take into account that in curved spacetime ‘m is not usually con-
served, but rather varies according to’ [22, equation (59)].
Having compared expressions (4.20) and (4.34), we establish the particle’s mechanical
momentum:

2 2
2054 L g (2)2°. (4.35)

pgart = M(s)uﬁ - 3 4
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This is the generalization of mechanical momentum (4.9) arising in flat spacetime. The
momentum of ‘dressed’ charge consists of the Schott term and the contribution due to cur-
vilinear background. The terms describe the reversible form of emission and absorbtion of
field energy-momentum, which never gets far from a charge.

Inserting equations (4.31) and (4.34) into the momentum balance equation (4.27) we obtain
the auxiliary equation which involves the self-action terms:

H? . 24° 24°
M{aﬁ — 79 [ 2(z-uyu® + Q_zzﬁ] } +MuP — %aﬁ + %Hzﬂ(z)(z -u)a’

+2—qu22 (a-a)+1H4(- 2P qu“ u) =12 436
3 ) Zu)u+6 (z-u)z” =fiy (4.36)

Thus can be treated as generalization of the geodesic equation (2.20). Deviation of electric
charge’s motion from geodesic is caused by action of both the external electric field and its
own field.

Let us derive the differential equation on scalar function M(s). We overmultiply
equation (4.36) on the cotangent four-velocity vector ug. Since the external force fg’“ =

qF gﬁu“, the contraction fEXtuﬁ vanishes. Taking into account the normalization condition

(u-u) = —Q~? and its differential consequences
HZ
(@)= —3-07 (2 u),
H? H*
(u-a)=—(a-a)— 79*1 [—Q 2+ (z-a)] - 7(z -u)?, 4.37)

we obtain the following differential equation

M ¢ 2, Cop
g——gH“Q (z-u) +?H Qu-u)+(z-a)].

The solution is

2
M(s) = m+ %Hm@(z 1), (4.38)

where m is constant of integration which can be interpreted as (already renormalized) rest
mass of a charge. Therefore, the curvilinear background contributes also in the inertial mass

of charged particle.
Putting this function and its time derivative into auxiliary equation (4.36) we obtain

m aﬂ—‘izﬁ(z) 2(z-wu® +Q7%(2)7° ——2"2a5+ *H*Q(2)(z - u)d®
5 3 q 2)(z-u)a
24 2 Liog-11_g2 _ 1 20,8 _ B
+3 Q (a-a)+2HQ [-Q 7%+ (z-a)] 2H4(z~u) u’ = fl. (4.39)

after canceling of like terms. This is the Dewitt-Brehme-Hobbs equation (1.2) adapted for de

Sitter metric (2.8), Christoffel symbols (2.14), and Ricci tensor (2.16). Keeping in mind that
Greek indices are raised and lowered with the Minkowski metric tensor, we write the projection
operator in equation (1.2) as 6%, + Q%(z)u*u,. We take into account relations (4.37). The
tail (1.3) vanishes (see appendix B).
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5. Conclusions

We derive the electromagnetic self force in de Sitter space via analysis of Nother con-
served quantities corresponding to the group of isometry SO(4,1). The derivation involves
the volume integration of electromagnetic field’s stress—energy tensor which has a singularity
on a particle trajectory. The consideration is based on the splitting of electromagnetic field’s
stress-energy tensor and its torque into bound and radiative parts which contribute to the self
force differently [42]. Volume integration of bound parts yields divergent terms which are per-
manently ‘attached’ to the charge and are carried along with it. They contribute in particle’s
mechanical momentum (4.35). In addition to the usual Schott term, the mixed term arises
because of interaction of electromagnetic field and gravity. Volume integration of radiative
parts produces long range electromagnetic radiation which dissipates in space. The amount
of radiated energy, momentum, and angular momentum depends on all previous evolution of
a source. The changes in energy-momentum and angular momentum carried by the electro-
magnetic field should be balanced by corresponding changes of particle’s 4-momentum and
angular momentum, respectively. Radiation reaction force is the consequence of these balance
equations.

The intriguing phenomenon is discovered: a moving electric charge in expanding Universe
changes its rest mass because of interaction of particle’s electromagnetic field and gravitation
(see equation (4.38)). This was previously established for a scalar charge [46, 47]. A similar
effect occurs in flat (2 + 1) Minkowski spacetime [48, equation (3.27)]. The mass change does
not lead to dismission of energy conservation.

The Green’s function of a point-like charge in de Sitter space derived by Higuchi and
Lee [24] consists of terms being proportional to Dirac §-function and Heaviside #-function
of Singe world function. The retarded electromagnetic field should spread not only along a
light-cone surface, but also within its interior. Both the self-action and interaction between
charged particles should be nonlocal in time, i.e. should depend on a whole particle history
[19]. Nevertheless, we demonstrate that in de Sitter space a time-nonlocal term of the elec-
tromagnetic potential of point charge originated from Higuchi and Lee Green’s function can
be turned into the local expression by gauging out its nonlocal part. Moreover, this expres-
sion does not contribute to the self force. The self-action comes entirely from the basic local
term of the electromagnetic potential and has form (3.26). It is a minimal generalization of the
flat-space Lorentz-Abraham-Dirac expression to the de Sitter geometry.

As for the possible experiment with electron in multi-petawatt laser system, the order of
gravity corrections is tiny: 7oH? =~ 107%"m~!. They are important for the fifth iteration of
reduced LAD equation (1.1).

In the recent paper [6] the LL equation for a charged particle acted upon an external scalar
field is investigated. The problem is reformulated in terms of curved spacetime with constant
curvature. Coupling the scalar field potential ®(x) with the particle’s rest mass m, the authors
form the position dependent mass M = m + ®(x) which determines the conformal factor in
the conformally flat space metric tensor. The dynamics of a point-like charge in the scalar field
®(x) is reduced to the geodesic motion of a free particle in curved spacetime.

The special attention is paid [6] to the Nother quantities arising from the symmetry of the
problem with respect to the transformations from Poincaré group. The authors restrict them-
selves to analysis of evolution of the energy and momentum which correspond to the time
and space translations, respectively. The other isometries, i.e. space rotations and boosts, are
not considered. Subtle balance between bound Schott term and long-range Larmor contribu-
tion to the total self-force expression has been studied in very details. The authors conclude
that the scalar self-force ‘is not frictional, even in the ultra-relativistic limit, and can even be
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anti-damping. This leads to behavior that would not be expected from radiation reaction alone,
such as a particle in a time-independent field gaining energy.’
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Appendix A. Higuchi-Lee electromagnetic potential

In [24] Higuchi and Lee found the electromagnetic vector potential in de Sitter space dS4 via
constructing the bivector Green’s function of the wave equation (3.16). The retarded Green’s
function [24, equations (4.13)—(4.15)] is the combination of terms proportional to Dirac delta-
function and Heaviside step function:

re S 0
G (xx") =Gy, (x,x")0(1 = 2) + G, (x,x")0(Z - 1). (A.D)

The arguments of generalized functions involve the scalar function [24, equation (4.4)] of base
point x’ and field point x

Z(x,x") = % [1+ cos[Hu(x,x")]] . (A.2)

Here 11(x,x’) is the distance between x” and x along the geodesic connecting these points (see
[49, equation (1.3)]). We express it in terms of Synge’s world function [19, equation (3.1)].
This two-point scalar function represents one-half of the squared geodesic distance between
its arguments: p(x,x’) = /20(x,x’). If the spacelike geodesic is parameterized by the proper
time parameter s, the distance between points x(s) and x(s") becomes p(x,x’") =s—s’.

In case of timelike arrangement the value of p(x,x’) becomes purely imaginary, and we
have

Z(x,x") = % [1 + cosh(H —20(x,x/))} . (A3)

In section 2.1 we study the geometry of de Sitter spacetime. We solve geodesic equation (2.20)
and obtain explicit expressions for timelike and spacelike geodesics. De Sitter spacetime inter-
val (2.13) is also calculated. Comparing equations (2.37) and (2.42) with expressions (A.2)
and (A.3), we rewrite the two-point function Z(x,x’) in terms of interval (2.13):
H2

Z(x,x")=1— TQ(x)Q(x’)nW(x“ —x") (= x"). (A4)
The function is invariant under the action of de Sitter isometry group SO(4.1).
Expressions (A.2)—(A.4) demonstrate that Z(x,x’) =1 if and only if o(x,x’) =0 or, equi-
valently, x = x’.

The coefficient functions in the Green’s function (A.1) are as follows

H2

x,x') = — 8 (x,x7), (A.5)

G(s
8

Mu’(
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. ) H[/1 1)\._ L1
Gw//(x,x)z —E E—FE g,w/(x,x )—ﬁﬁauZ(%/Z . (A6)

They involve the parallel propagator
_ , 2 1
guv (X, x") = 7 0,0, Z — ZQNZ&,Z . (A7)

This is modified expression [24, equation (4.6)] where 2Z — 1 is substituted for cos[Hp(x,x")].
Recall that these functions are related by equation (A.2).

Inserting the parallel propagator (A.7) in equation (A.6), we present the coefficient function
of the f-term as the following second-order derivative:

H? 1 2 1 2 2
0 _
Gl 3) = = 1 i Kz* 22) OudZ= <Z2 * p) @LZ@'Z}
1 1
= (%31,/@ (22 — hlZ)

=0,0, P(x,x"). (A.8)

A.1. Potential of a point-like charge in the covariant Lorentz gauge

Inserting the Higuchi-Lee Green’s function (A.1) in the electromagnetic potential (3.7) gener-
ated by the current (3.6) of a point-like charge we obtain

A, =4ngq / A7 G™,, (x,2(1))2" (1) = A% +AY, (A.9)
where = dz(7)/dr, and
A = qH; / dr0(x,2(7) 8y (x,2(7))2" 6(Z(x,2(7)) — 1), (A.10)
A :47Tq/d7'9(x,z(T))9(Z— 1)9,®(x,z(7))
= —47rq/d70(x,z(7'))6(2— 1020, (x,z(1)) + 0, AW, (A.11)

AW = 47rq/d7'9(x,z(7'))0(2— 1)®(x,2(7)). (A.12)

Unit step function 6(x,z(7)) ‘cuts’ the retarded domain where zeroth coordinate x° of the
field point is larger that this z°(7) of the source point. The integration is performed over
T €] — 00,00 by default, and the evolution parameter 7 in this section is meant arbitrary
since all the expressions (A.9)—(A.12) are reparametrization-invariant. After rearranging terms
in (A.9) via extracting the full derivative we obtain:

A, =A,+3,AD (A.13)
where
. . [1 1128,z
AH:q/dTe(x,Z) {aﬂz_ |:Z_Z2:| 3’“ }(5(2—1)
=q / dr0(x,2(1))8(Z — 1)9,Z. (A.14)
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The second term in curly brackets vanishes at point Z= 1 specified by (Z— 1). Thus the
potential (A.9) is local, up to the gauge term GMA(I). It is of worth noting that A,, has no a
subluminal tail in despite it possesses a contribution from AZ.

A.2. Gauge equivalence of vector potentials

According to equation (A.42, the interval (2.13) is the argument of J-function in the expres-
sion (A.14) for the potential A,,. We are interesting in the retarded root s*'(x) of vanishing inter-
val equation p(x,z(s)) = 0. Having performed the integration in (A.14) over s where Z[x, z(s)]
is given by equation (A.4) we obtain
A _ Uy (srel) 9 H* ret ret 9 H?
Au(x)—q f*@ln 1+T(Z *Z ) +@ln l+7(xx)
ret
Gl 9,A? (x), (A.15)
P
where 7 = z[s*!(x)] and
Q( Zret)
Q(x)
Thus, the potential A 18 gauge-equivalent to the potential (3.26). As follows from (A.13), the
same is true for Higuchi-Lee potential (A.9):

AP (x) = gln

(A.16)

ret
Auzquu(rs )+8M(A(‘)+A(2))- (A.17)

Appendix B. Estimation of the radiation reaction tail

Let us consider the integral (1.3) defining the nonlocal tail term of the radiation reaction force.
The retarded Green function (A.1) depends on two points, z(s) and z(s’), on the same timelike
world line. The Synge’s function o (z(s),z(s’)) = 0 if and only if z(s) = z(s"). Therefore, the
only singularity arising upon integration is at s = s’ when o =0 and Z = 1. According to the
regularization prescription of [19, pg. 19], the upper limit of the integral (1.3) ‘is cut short
at s’ =5 :=s5—07 to avoid the singular behavior of the retarded Green’s function at coin-
cidence’. For this reason the d-term of the Green function (A.1) does not contribute to the
integral (1.3).
Thus the tail term (1.3) takes the form:

f:*ﬂ = 47rq2u”(s)/ds’{a[MGg]/\,G(Z— D (s7). (B.1)

The square brackets mean antisymmeterization in indices p and v. The coefficient function

wa, (x,x") is the mixed partial derivative (A.8). The expression in curly braces becomes

0, Gon0(Z—1) = 01,,(0,)0n P)O(Z— 1)
= (8[ﬂ8,4c’9x<1>)9(Z— 1)+ (8[#2)(8,,]8;@)6(2— 1).

Since 9),0,) =0, the 2-nd J-term survives only. It does not contribute to the integral (B.1)
because of the regularization prescription. Thus f! = 0.
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Appendix C. Retarded coordinates in dS,

The retarded field (3.31) depends on the state of the charge’s motion at the instant at which its
world line intersects the past light cone of x. Thus, the past light cone defines a natural mapping
between the field-point x and a specific point z(s) on the world line. The point x*(s, r,v, ) in
de Sitter space is linked to the point z%(s) on the charge’s world line by a null geodesic of
affine-parameter length r:

xa(s7r‘,19,(p):Za(S)+rka(S,19,(p). (C.1)

Angular variables define the direction of null vector k* while the retarded instant s designates
its tail:

K (5,0, ) = Qz(8)| A%/ (5)n” (0, 0). (C2)
The Lorentz matrix
QMO ‘ Quk/
A%y (s) = . ; s Wy (C.3)
Qu! Lo+ Q2 Sk
u| O Qu’ + 1

defines the transformation to momentarily comoving frame where particle’s four-velocity
becomes u® (s) = (27 ![z(s)],0,0,0). We build the orthogonal to four-velocity hyperplane
spanned by three spatial axes. In this non-inertial frame the null vector has the following com-
ponents

n"’/(ﬁ,gp) = (1,cos psind,sinpsind, cos ), (C4)

where azimuthal angle ¢ and polar angle ¥ will refer to this choice of axes. Expression (C.1)
defines the transformation from Cartesian coordinates x* = (x°, x!,x?,x%) to the curvilinear
coordinates r® = (s,7,9, ).

The volume element in de Sitter space is dV = d*xQ* (x). We now turn to the metric tensor
as it viewed in the retarded coordinates 2. Basic vectors e = (0x*/9r?)e,, are as follows

e, = (u” + raka) (2
Os
e, = k%,
ey = rQ(z(s)) A% (s)n§ (0, 0),
e, = r(z(s)) A% ()12 (9, 0),

where ng/ = (0,cos pcos ¥, singcost, —sin?}) and ng/ = (0, —sin¢psind, cos psind,0).

Desired metric tensor is composed from their scalar products

8ss -1 859 8s¢

. -1 0 0 0

G=| gs 0 PR 0 (€.5)
gos 0 0 PQ%sin®0

We use the standard relation 1,5A% o' A® 51 = 1),/ 5,. Combining dV= d*xQ*(x) and det(G) =
—r*Q*(z) sin* ¥, we derive the volume element in terms of retarded coordinates:

dV = dsdrddde Q*(x)Q*(z)r? sind. (C.6)

27



Class. Quantum Grav. 40 (2023) 195020 Y Yaremko and A Duviryak

Another result we shall need is the outward-directed surface element of a cylinder r = const
in de Sitter space

Yo = 94(x)(22(z)8872r2 sin® dsddd, (C.7)

where coordinate derivative of the retarded distance is given by equation (3.29).

Appendix D. Solid angle integration of de Sitter momentum (4.29) and angular
momentum (4.30)

Let us introduce kinematic variables

U* = Qu*, (D.1)
K* =Q kM, (D.2)
R =Qr, (D.3)

and new evolution parameter dr = Q~'ds. Conformal factor £ is referred to z(s).
These yield new four-acceleration

du+
Al = 22
dr
— 02 u_l 2 . 7
=Q° |a 2H Qz-uw)ut| . (D.4)

Inserting these into equation (3.31) we rewrite the retarded electromagnetic field in terms of
new variables

Fey(x) = % (UaKs — UsKa) + % [AaKs — AgKo + (A K) (UsKs — UsKy)]. (D.5)

Putting equations (D.1) and (D.2) in the expressions (C.2) and (C.3) defining null vector we
obtain

K*(s,9,0) = A% (s)n® (9, 9), (D.6)
where the Lorentz matrix takes usual form
U | Up:
A%, (s) = . . U'U.. . (D.7)
Ut 61 , k
ST

Our next aim is to derive the relations defining the solid angle integration of polynomials of
components of null vector K defined by equation (D.6). The angular integration can be handled
via the relations which involve spatial components of four-vector (C.4)

1 iy 21 )
— dv sinﬁ/ den' =0,
iV 0 0

1 ™ 27 L l .
= | dv sim?/0 depn'n/ = 55”,

1 T 2w o
— dv sinﬂ/ don'n/n* = 0.
47T 0 0
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Using the relation 1,5A%,A” 3/ = 1,5/ and taking into consideration that A%, = U%, we
derive the following relations

g 27

1
— [ dY sim?/dgol(‘JK = U,
47

0 0

T 27
1 1 4
— [ d¥sin® [ dpK“K® = —n°P + _U“UP
47r/ s /‘p 31 U
0 0

T 2w

%/dﬁ sim?/dcpK“KﬁK"’ =20°UP "
T
0 0

1
+3 (U 0P + UPn™ + U'n*P). (D.8)

In terms of new variables (D.1)—(D.4) the stress-energy tensor (4.2) decomposed into the
bound and radiative components (4.3) the form

2 1
T = % <UQKB +K U’ — KK’ + znaﬂ) ,

2
1) = 25 [AKP + K47 + (4 K) (U°K7 + K" U7 = 2K°K7) ]

2
af q 2 (%
T =2 [(A-A)— (A K)*| K°K". (D.9)
Inserting equations, (D.2) and (D.3) in equation (C.1), we obtain the relation x* = z%(s) +
RK®, Taking this into account we express the projectors involving in equations (4.29)
and (4.30) in terms of new variables:

2

2fQ’I(x):ZfQ’l(z)—RH?(z-K), (D.10)

x%x5 =725 + R (2°Kp + K*25) + R*K“Kp.

So, we have the mathematical tools for the solid angle integration of the proper time derivatives
of Noether quantities (4.29) and (4.30). The electromagnetic field’s momentum (4.29) consists
of the distant-dependent bound term

« 2
dmg _ ¢

ds QR

H? 1 H? H?
[(2 —Q71(2))6% + ZZQZ[}] LAﬁ + 70k V) UP — 494 ,  (D.11)

and the distant-free radiative part

2

dﬂ-;’:ld_q2 —1 o H o 2 B
ds —Q{[Q 07 (z))0%s + 2ZZﬁ 3(A AU

H? H?
+3[(z-A)U°‘(z'U)AD‘}4U°‘}. (D.12)
Restoring the original variables, we obtain equation (4.31). So far as the bound part (D.11),
we arrive at the expression

2 H2

2 H 1
q7 [(291(z))5“ﬁ+2z“z6] Laﬁ - 4Q‘zﬁ]. (D.13)

jo4
d7Tina _
ds
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Recall that we assume that r = const. There is the total time derivative in the right hand side
of equation. Having integrated it, we finally obtain
2 2

B . H*, 11
W&d:% {(2—9 '(2))0 g+ 52 zB] 5uﬁ. (D.14)

The Coulomb-lire singularity should be coupled with particle’s individual momentum (4.20):
1 2
T+ Tona = 22(2) [(2 -7 (2)) 6% + 2szo‘zg] (pfjm + ;Q_zuﬁ) . (D.15)

The singularity is absorbed by particle’s momentum within the regularization procedure.
The angular momentum (4.30) carried by electromagnetic field also consists of two terms,
singular and regular:

g _ ¢ s, H H

_ a4 Z Q- DUP| =P A+ =—Q(7- U\ U™ . D.16
o " 20r T [V T e QU] m AT 0 U)UT | g (B-10)
A% 242

DL 30yt ) s et o)

Being rewritten in terms of original variables the proper time derivative of radiative part takes
the form equation (4.32). The bound part is simply
dAb():lg ‘12 8 B
=L (%48 — Bq*). D.18
ds 2r (%" —2%a") ( )
After integration we obtain

2

ASE = % (z°u” — 2Pu”). (D.19)

Coupled this with the particle’s individual angular momentum (4.21), we arrive at
B B 2 B T - @ -2
Apart T Agna = 2°(2) {Z"‘ (ppart +5 u’ ) —2f <p3an +507 ua)] : (D.20)

In flat spacetime one usually assume that the parameter m involving in particle’s action
term is the unphysical bare mass. It absorbs inevitable infinity within the regularization pro-
cedure and becomes the observable rest mass of the particle. The bare mass parameter is in
Lagrangian (4.11) governing the dynamics of a free massive charge in the de Sitter space. In
section 4.1, the expression (4.35) for particle’s momentum is derived where the contribution
due to its own electromagnetic field is taken into account. The time-dependent mass func-
tion (4.38) contains the observable mass m which absorbs the Coulomb-like divergency which
arises in bound momentum (D.14) and angular momentum (D.19).
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